The existence of an exotic long-lived negatively charged massive particle, i.e., X − , during big bang nucleosynthesis can affect primordial light element abundances. Especially, the final abundance of 7 Li, mainly originating from the electron capture of 7 Be, has been suggested to reduce by the 7 Be destruction via the radiative X − capture of 7 Be followed by the radiative proton capture of the bound state of 7 Be and X − ( 7 BeX ). We suggest a new route of 7 BeX formation, that is the 7 Be charge exchange at the reaction of 7 Be 3+ ion and X − . The formation rate depends on the number fraction of 7 Be 3+ ion, the charge exchange cross section of 7 Be 3+ and the probability that produced excited states 7 Be * X are converted to the ground state. We estimate respective quantities affecting the 7 BeX formation rate, and find that this reaction pathway can be more important than ordinary radiative recombination of 7 Be and X − . The effect of the charge exchange reaction is then shown in a latest nuclear reaction network calculation. Quantum physical model calculations for related reactions are needed to precisely estimate the efficiency of this pathway in future.
I. INTRODUCTION
New physics operating during the big bang nucleosynthesis (BBN) can be probed by observed light element abundances. Possible indications of new physics come from discrepancies between primordial abundances of 6 Li and 7 Li predicted in standard BBN (SBBN) model and those inferred from observations of metal-poor stars (MPSs). These MPSs exhibit a plateau-like abundance ratio, 7 Li/H = (1 − 2) × 10 −10 at low metallicities of [Fe/H]> −3 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and much lower at extremely low metallicities of [Fe/H]< −3 [15, 16] [79] . The plateau abundance is a factor of 2-4 lower than the SBBN prediction for the baryon-to-photon ratio determined from the observation of the cosmic microwave background radiation with Wilkinson Microwave Anisotropy Probe (WMAP) (e.g., 7 Li/H=(5.24
+0.71
−0.67 ) × 10 −10 [17] ). This discrepancy indicates a need of some mechanism to decrease the 7 Li abundance. Although astrophysical processes such as the combination of atomic and turbulent diffusion in stellar atmospheres [18, 19] may be a cause of the observed abundances, this is not yet established [20] .
In recent spectroscopic observations of MPSs, the lithium isotopic ratio of 6 Li/ 7 Li is also measured. A possible plateau abundance of 6 Li/H∼ 6 × 10 −12 has * Electronic address: motohiko@kau.ac.kr † Electronic address: kyungsik@kau.ac.kr ‡ Electronic address: cheoun@ssu.ac.kr § Electronic address: kajino@nao.ac.jp ¶ Electronic address: y.k@m.tohoku.ac.jp been suggested [4] , which is about 1000 times higher than the SBBN prediction. Since an effect of convective motions in stellar atmospheres could cause asymmetries in atomic line profiles and consequently leads to an erroneous estimation of 6 Li abundance [21] , the effect should be estimated. Even including this effect, high 6 Li abundances have been evidently detected in at most several MPSs [22] [23] [24] [25] . Such a high abundance level at the lowmetallicity requires processes other than standard Galactic cosmic-ray (CR) nucleosynthesis models [26] .
To investigate the 6, 7 Li problems, in this work, we focus on a model to resolve the lithium problems assuming the presence of negatively charged massive particles X − [27] [28] [29] with a mass much larger than the nucleon mass, i.e., m X ≫ 1 GeV, during the BBN epoch . One of candidates for the X − particle is stau, the supersymmetric partner of tau [32, 42] . The X − particles become electromagnetically bound to positively charged nuclides with binding energies of ∼ O(0.1 − 1) MeV. The bound state of a nuclide A and an X − particle is denoted by A X . Because of these low binding energies the bound states cannot form until late in the BBN epoch, when nuclear reactions are no longer efficient. Hence, the effect of the X − particles is rather small [37] . Depending upon their abundance and lifetime, however, the X − particles can affect lithium abundances through the following processes: 1)
6 Li production via the recombination of 4 He with X − followed by the catalyzed α transfer reaction 4 In all previous investigations, all processes are assumed to start from radiative recombination of fully ionized nuclides A and X − as suggested in Ref. [28, 29] . However, we found a possibility that nonradiative charge exchange reactions between hydrogen-like ions and X − can contribute to change nuclear abundances in the BBN model including an X − particle. We focus on the 7 Be nuclide since the effect on its abundance is expected to be important. We introduce a simple model for estimating the significance of the new process in Sec. II, and show the result of 7 Be X formation rate and time evolution of nuclear abundances in example cases in Sec. III. Finally we summarize this work in Sec. IV. We adopt natural units, h = c = k B = 1, whereh is the reduced Planck constant, c is the speed of light, and k B is the Boltzmann constant.
where Z i is the proton number of particle i (Z7 Be = 4), α is the fine structure constant, and µ(i, j) is the reduced mass for the i+j two body system. The charge number of particle j = e − or X − was assumed to be −1. The binding energy for n is related to the energy level as E B (n) = −E n . The expectation value of radius r between the i and j particles composing the hydrogen-like ion is
where ℓ is the azimuthal quantum number. There is a relation between the average radius and the binding energy from Eqs. (2) and (3):
The average radius is thus inversely proportional to the binding energy independent of the reduced mass of the system. The binding energy of the GS 7 Be 3+ is given by Eq. (2) to be 217.7 eV. In the limit of m X ≫ 1 GeV, the reduced mass for the system of 7 Be and X − is given by µ( 7 Be, X − ) → m7 Be = 6.53 GeV. The main quantum number of 7 Be * X state whose binding energy is nearly equal to that of the GS 7 Be 3+ is n eq ∼113. We note that the reaction 7 Be 3+ +X − → 7 Be * X + e − is similar to the reaction H+p → pp + e − , where pp is the protonium consisting of a proton and an antiproton [53] [54] [55] since the following three characters are shared by the two reactions. Firstly, components related to the reaction are two heavy particles and a light electron. The heavy particles are 7 Be and X − in the former reaction, and p andp in the latter. Secondly, a charged heavy particle ( 7 Be and p, respectively) is transfered. Thirdly, a bound state of heavy two particles ( 7 Be X and pp, respectively) is produced. In the case of the protonium formation, pp states with the main quantum numbers of n eq ∼30 have binding energies nearly equal to that of the hydrogen GS (13.6 eV). The reaction of the muonic hydrogen formation, H+µ − → pµ + e − [55, 56] , is also a similar reaction although the muon mass, 106 MeV, is lighter than the nucleon mass by one order of magnitude.
C. The ground state of 7 Be 3+ is an isolated system
The average radius of the 7 Be 3+ GS is given by Eq. (3) as
The reduced mass µ( 7 Be, e − ) is approximately given by the electron mass m e .
The average distance between e ± 's at the temperature T = 34 keV is given by
where n e ± is the number density of e ± . We assumed that the number density is given by the formula for the non-degenerate non-relativistic fermion [57] , i.e., n e ± = g e m e T 2π
where g e = 2 is the statistical degrees of freedom both for electron and positron. Since the average distance is larger than the average radius of the 7 Be 3+ GS, the GS can be regarded as an isolated two-body system. We adopt the rate for the GS 7 Be 3+ formation via the radiative recombination of 7 Be and e − from Ref. [58] :
where parameter values are a = 4.290 × 10 −10 cm 3 s −1 , b = 0.7557, T 0 = 30.00 K, and T 1 = 1.093 × 10 7 K. Although this is the total rate for transitions to all final states including not only the GS but also excited states, the formation of the GS dominates for the temperature range of T > 10 8 K [58] . The adoption of the rate is thus justified. For the related temperature, the rate is α r (T 9 = 0.4) = 5.13 × 10 −16 cm 3 s −1 . The rate for 7 Be to recombine with e − is then given by n e − α r = 5.77 × 10 6 s −1 at T 9 = 0.4. This rate is much larger than the Hubble expansion rate, i.e., H(T ) = 4.50 × 10
The recombination and its inverse reaction, i.e., the 7 Be 3+ ionization, is thus very effective, and the number ratio of 7 Be 3+ to 7 Be 4+ is the equilibrium value. The equilibrium number ratio is described by Saha equation:
where g i and m i are the spin degrees of freedom and the mass, respectively, of species i =Be 3+ , Be 4+ , and e − . The spin factors are g Be 3+ = 2[2I s (Be) + 1] (for the GS), g Be 4+ = 2I s (Be) + 1, and g e = 2, respectively, with I s (Be) the nuclear spin of a given Be isotope. Using the spin factors, the approximate equality of m Be 3+ ≈ m Be 4+ , and Eq. (7), the number ratio is derived as
where the ionization potential I(i) was defined for species i, and I( 7 Be 3+ ) = m Be 4+ + m e − m Be 3+ = 217.7 eV [Eq. (2) ]. This ratio is n Be 3+ /n Be 4+ = 5.94×10 −7 for T 9 = 0.4. We note that the pair annihilation in the collision of 7 Be 3+ and e + , i.e., 7 Be 3+ (e + , 2γ) 7 Be is another process for the conversion from 7 Be 3+ to 7 Be. However, effects of this reaction are negligible since its rate is much smaller than the rate for photoionization of 7 Be 3+ . The cross section of the annihilation for non-relativistic velocities v is given by σ ann ∼ πα 2 /(m 2 e v) [59] . The annihilation rate is then roughly given by
[cf. Eq. (7)]. On the other hand, using the detailed balance relation [60] , an lower limit on the photoionization rate of 7 Be 3+ is derived as
(T = 34 keV), (12) where the lower limit is derived by a replacement of the Planck distribution function of photon with the Boltzmann distribution function [61] . The ionization rate is much larger than the annihilation rate, i.e., Γ ion ≫ Γ ann . The annihilation is thus insignificant, and neglected in this work.
The equilibrium abundance of −1/2 (T 9 /0.1) −2 with g * the effective number of relativistic degrees of freedom in terms of energy density [57] .
The thermal reaction rate at a given temperature T is given (Eq. (2.52) of Ref. [61] ) by
where E is the center of mass kinetic energy, and σ(E) is the reaction cross section as a function of E. We assume that the cross section is similar to that of the protonium formation. It is then roughly taken to be
7 Be 3+ )) the cross section at E = I( 7 Be 3+ ) and H(x) the step function (Fig. 9 of Ref. [53] ). Since the ionization, i.e., 7 Be 3+ + X − → 7 Be+X − + e − , dominates for energies above the ionization threshold, the cross section for E > I( 7 Be 3+ ) is negligibly small. Supposing the scaling of the cross section σ ∝ r 2 , the cross section for the 7 Be 3+ +X − reaction is assumed to be σ(I( 7 Be 3+ )) = 10/(Z7 Be αm e ) 2 = 1.75 × 10 7 b. We note that the reaction of muonic hydrogen formation, 1 H(µ − , e − )pµ, is a same kind of reaction as the reaction 7 Be
The muonic hydrogen formation is the first reaction occurring in experiments of muonic atoms [55, 63] . Observables in the experiments such as energy flux densities of uncaptured muon and xrays emitted from excited states of muonic atoms, however, do not provide a direct information on the muon capture rate. Comparisons of theories and experiments on the cross section is, therefore, difficult for the moment [55] . Then we can only refer to theoretical cross sections. Calculations of the cross sections based on several different methods have been performed, and they agrees well at least qualitatively (Fig. 2 of Ref. [55] ). The cross sections σ(E) scale as ∼ 10/(αm e ) 2 similarly to that for the protonium formation [81] .
Under these assumptions, the reaction rate is given by
where we assumed that exp(−E/T ) = 1 since the cross section is nonzero only for E < ∼ T /160. The number density of baryon is given by
where ρ b and ρ c are the baryon density and the present critical density, respectively. Ω b = 0.0463 ± 0.0024 is the baryon density parameter, z is the redshift of the universe which has a relation with temperature as (1 + z) = T /T 0 with T 0 = 2.7255 K the present radiation temperature of the universe [64] , and h = H 0 /(100 km s The rate for 7 Be 3+ to form excited states of 7 Be * X through the charge exchange reaction is then given by
where n X is the number density of the X − particle, and Y X = n X /n b is the number ratio of X − to baryon.
F. Bound-bound transition of 7 Be * X
Dominant process
Excited states 7 Be * X produced via the 7 Be charge exchange reaction experience bound-bound transitions including not only the spontaneous emission but also the stimulated emission and the photo-absorption in the early universe filled with the cosmic background radiation (CBR). The spectrum of CBR in BBN epoch is assumed to be the Planck function, i.e.,
where ν = E γ /(2π) is the frequency of the photon with E γ the photon energy. Dominant process which occurs most frequently is determined as follows. The transition from the upper (u) to the lower (l) energy states is considered. Energy levels of the upper and lower states are defined by E u and E l , respectively. The energy and the frequency of emitted photon is then E ul = E u −E l and ν ul = E ul /(2π), respectively. The spontaneous emission rate for a transition from u to l is defined with the Einstein A-coefficient, i.e., A ul . The photo-absorption rate and the stimulated emission rate are described with B-coefficients as B lu B ν ul (T ), and B ul B ν ul (T ), respectively. In addition, the Einstein relations are given by
The ratio between rates for the stimulated emission and the spontaneous emission then satisfies
where Eqs. (17) and (19) were used. Clearly, transitions of E ul < ∼ T proceeds predominantly through the stimulated emission, while those of E ul > ∼ T proceeds predominantly through the spontaneous emission. The photo-absorption rate is equal to the stimulated emission rate except for the spin factors g l and g u [Eq. (18)].
Spontaneous emission
The Einstein A-coefficient is given (Eq. (10.28b) of Ref. [60] ) by
where d ul is the electric dipole matrix element for the initial state u and the final state l, and the sum is over all magnetic substates of the upper and lower states. The difference in energy between levels with nearest main quantum numbers is
. Here the typical difference in energy between u and l is taken as E ul ∼ |E u | assuming that the main quantum numbers of u (n u ), and l (n l ) are close to each other.
Here we introduce the absorption oscillator strength [60] defined as
where m A and Z A are the mass and proton number, respectively, of nuclide A bound to X − (in the present case, A = 7 Be). Typical amplitude of this strength is known as f lu < ∼ O(1) (see Refs. [60, 72] ). We note that this definition is different from that for hydrogen-like electronic ions in terms of mass and charge number for the following reason. In the harmonic oscillation model for the latter case, an electron with classical radius r 0,e = e 2 /m e is bound to an nucleus. In the case of 7 Be * X , on the other hand, an 7 Be nucleus with classical radius r 0, 7 Be = (Z7 Be e) 2 /m7 Be is bound to an X − . From Eqs. (21) and (22), we find
The number of final states is about N l ∼ 2n including ∼ n levels for azimuthal quantum numbers of final states which are different from that of the initial state by 1 and −1, respectively. The total spontaneous emission rate of excited state 7 Be * X is then roughly estimated as
where the weighted average quantity
ul ]/N l was defined.
Excitation and deexcitation by CBR
The Einstein coefficient B ul is given [60] by
The rate for the deexcitation via the stimulated emission is estimated to be
where
This stimulated emission rate as well as the spontaneous emission rate is larger for states with smaller main quantum numbers. The rate for the excitation via the photo-absorption, Γ γ l, ab is roughly the same as that for the deexcitation.
Transitions to the GS 7 BeX
The excited states 7 Be * X with n > ∼ 113 produced via the charge exchange reaction have binding energies much less than the temperature at the 7 Be X destruction epoch of T 9 > ∼ 0.4. The states, therefore, predominantly transit to other states via CBR-absorptions and the stimulated emission by CBR. Their rates are larger for large E ul values as indicated in Eq. (26) . The rough assumption of E ul ∼ |E u | ∝ 1/n 2 leads to a scaling of Γ When the excited states with E B (n) > ∼ T corresponding to n < ∼ 9(T 9 /0.4) −1/2 are formed via the deexcitation, they would transit gradually to the GS through mainly the spontaneous emission (Sec. II F 1). The spontaneous emission rate ∝ 1/n 3 [Eq. (24)] of the lower states is much larger than that for states with n > ∼ 113. Time scale for the successive reactions producing the GS is given by ∼ Γ γ Be * X , st −1 since reaction time scales of lower energy states are shorter, and can be neglected. In this work, we do not treat more details on such transitions to the GS, and assume that the transition rate is given by
Transitions to the 7 Be X GS can realize through multiple stimulated emissions and photo-absorptions induced by CBR and spontaneous emissions. If the destruction rate of an excited state u, Γ u, de , is larger than its transition rate Γ u, tr , the probability for transitions through multiple (N times) photo-emissions ∼ (Γ u, tr /Γ u, de ) N becomes very small. In this case, therefore, an efficient formation of the 7 Be X GS prefers a direct production of lower energy states at the 7 Be * X formation reaction or their production at the first photo-emission after the formation of 7 Be * X excited states. The first case is, however, not expected to operate effectively by an analogy of protonium formation dominantly producing states of large main quantum numbers n > ∼ n eq which correspond to small binding energies [54] .
We note that the 7 Be nucleus has been assumed to be a point charge particle in this work. Binding energies of A X atomic GS can, however, be significantly smaller than those estimated in the assumption of point charge nuclei since Bohr radii for the A X are of nuclear dimensions ∼ O(fm) [27, 35, 37] . Resultingly, the radiative dipole transition rate of 7 Be * X to the GS, which scales with the third power of emitted photon energy, is significantly smaller than that estimated for the point charge nucleus. However, spontaneous emission rates of low energy levels n ∼ O(1) are much larger than those of high energy levels n ∼ O(10 − 100). The total time scale for the transition to the GS is, therefore, contributed mainly from transitions of the highly excited states of 7 Be * X . The excited states have Bohr radii much larger than the charge radius of 7 Be, and their binding energies are almost the same as those estimated for a point charge 7 Be. The effect of a finite size nuclear charge is, therefore, not relevant in this transition rate.
The main reaction of 7 Be * X destruction is the ionization at collisions with electron and positron, i.e., 7 Be * X +e ± → 7 Be+X − +e ± . There is no study about the cross section for this type of reaction. We then assume the cross section by an analogy of cross sections for ionizations of normal hydrogen which has been measured, and of muonic hydrogen-like particle consisting of a muon and a proton [69, 70] . The energy threshold for the ionization of 7 Be * X is determined from the condition that an energy transferred from e ± to 7 Be at a collision be larger than ionization potential of 7 Be * X as E th = (m7 Be /m e )I( 7 Be 3+ )/8 = 348 keV (n/113) −2 [69] . The cross section for energies above the threshold nearly corresponds to the Bohr radius squared, i.e., π{2n 2 /[Z7 Be αµ( (Fig. 4 of Ref. [69] ; curve 2). We roughly assume that the destruction cross section of
of energy. Using Eq. (13) we find
We note that the equation E th /T ≪ 1 is satisfied for n ≫ 1.
The rate of the Be * X destruction through the collisional ionization is then given by 
where Eqs. (7) and (28) were used, and T 9 = 0.4 and n = 113 (corresponding to the GS 7 Be 3+ ) was assumed for numerical values. The rate depends on the temperature exponentially, and is larger at higher temperature. The rate also significantly depends on the main quantum number through the variable E th ∝ n −2 and as the power of n 4 . Rates for smaller n values are smaller because of smaller values of e −E th /T . We can regard excited states of 7 Be * X as effective paths to the GS if the transition rates are larger than their destruction rates. This treatment was utilized in an estimation of relic abundances of strongly interacting massive particles (SIMPs) after the cosmological color confinement by calculations for the annihilation of massive colored particles (Y 's) through a formation of resonant or bound states of (YȲ ) * [71] . From a comparison of rates for the 7 Be * X destruction [Eq. (29) ] and the transition to the GS [Eqs. (27) and (26) with n ≥ 2 are not. As will be shown below, the recombination through the charge exchange is insignificant compared with the radiative recombination for T 9 < ∼ 0. 7 Be * X production. In thermal environment, the inverse reaction rate σv i is related to the forward reaction rate σv f through the detailed balance [60] as
where Q is the reaction Q value, and ℓ is the azimuthal quantum number of 7 Be * X . Since the amplitude of Q value is of the order of the binding energy of 7 Be 3+ at most, the condition |Q|/T ≪ 1 is satisfied. 
where Eqs. (7), (14) , and (30) were used, and it was assumed that states of 7 Be * X with 30 different main and azimuthal quantum numbers, respectively, are produced in the forward reaction, i.e., N f ∼ 10
3 . This charge exchange rate is smaller than the destruction rate via the e ± collisional ionization at T 9 > ∼ 0.4, where the destruction significantly affect the effective rate of the 7 Be X formation through 7 Be 3+ ion [cf. Eq. (1)]. In addition, this rate is smaller than rates of spontaneous and stimulated emissions at T 9 < ∼ 0.4 so that it is not an effective destruction process. The charge exchange reaction is then safely neglected.
I.
7 Be * X photoionization
In this subsection, we show that the ionization of 7 Be by CBR is not an effective destruction process. Below, the rate for destruction via photoionization Γ γ−ion Be * X is estimated and found to be always smaller than the spontaneous emission rate Γ u, sp in the relevant temperature region of T 9 > ∼ 0.4. Cross sections of atomic photoionization have the following characteristics [72] . When the kinetic energy in the final scattering state is smaller than the atomic binding energy, i.e., E < ∼ E B (n) = Z 2 α 2 µ/(2n 2 ), the cross section is approximately given by Kramer's semi-classical cross section, 
where E γ = E B (n) + E is the energy of ionizing photon, ρ = [E B (n)/E] 1/2 [72] is defined, and the index of the charge number Z and arguments of the reduced mass µ are omitted. This cross section is different from that for normal hydrogen-like electronic ion by the factor of Z 2 . In the current assumption that the mass of X − is much larger than that of 7 Be, the effective charge for the electric dipole transition in the center of mass system [73] is e 1 = (m X Z7 Be − m7 Be Z X )e/(m7 Be + m X ) ∼ Z7 Be e = 4e. On the other hand, the effective charge in the electronic ion is necessarily e 1 ∼ −e. This difference is reflected in the above equation.
The photoionization rate is given by 
The integral in Eq. (33) can be approximately estimated as follows. We divide the integral interval to (1) 
